Calcyclin-binding protein/Siah-1-interacting protein (CacyBP/SIP) is the recently discovered peptide, which participates in various intracellular processes. Recent reports indicated that CacyBP/SIP activates the ubiquitin ligases and promotes proteasomal degradation of proteins. One of the most important proteins degraded in CacyBP/SIP-dependent pathway is b-catenin. Considering the key importance of b-catenin in the functioning of the cardiovascular system and in the view of the close relationship between CacyBP/SIP, b-catenin, and proteasomal activity, we have decided to undertake research to identify and evaluate the distribution of CacyBP/SIP, b-catenin and the LMP7 subunit of the immunoproteasome in the heart of rats with hypertension of various etiology. The studies were carried out on the hearts of rats with spontaneous hypertension (SHR), renovascular hypertension, and DOCA-salt hypertension. The myocardial expression of CacyBP/SIP, b-catenin, and LMP7 was detected by immunohistochemistry using the EnVision method. The hypertension significantly increased the immunoreactivity to CacyBP/SIP and LMP-7, while weakening the b-catenin immunoreaction. The intensity of the observed changes depends on the type of hypertension. Our results show an innovative and important network of interactions between proteins potentially involved in the development and progression of heart problems in various types of hypertension. This report might contribute to deeper understanding of the role of the CacyBP/SIP protein, b-catenin, and immunoproteasomes in heart function, as well as to bringing new information concerning pathophysiologic mechanisms leading to cardiac dysfunction in the state of elevated blood pressure.
Introduction
CacyBP/SIP is a protein, which was discovered as a ligand of calcyclin (S100A6) and of Siah-1 (SIP). 1, 2 It is now known that CacyBP/SIP has the ability to interact with various intracellular molecules, such as different members of the S100 protein family, i.e. S100A6, S100A1, S100A12, S100B, and S100P, and different proteins forming ubiquitin ligase such as Siah1 and Skp1. [2] [3] [4] CacyBP/SIP also attaches to the cytoskeletal proteins, induces actin and microtubules polymerization, and also stabilizes the cytoskeletal organization. 5 Other disclosed ligands of CacyBP/SIP are the extracellular signal-regulated kinases (ERK1/2). It has been shown
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that CacyBP/SIP dephosphorylates ERK1/2, and results in a blockade of the subsequent signaling cascade. 6 CacyBP/SIP is implicated in a great variety of cellular processes including cell proliferation and differentiation. Research concerning the role of CacyBP/SIP in tumorigenesis has revealed that this protein suppresses the proliferative potential of cancer cells. 7 Several other reports have shown that the CacyBP/SIP gene is upregulated in various differentiating cells, for example in thymocytes, in erythroid cells upon stimulation with erythropoietin, in neurons during brain development, and in endometrial tissue during decidualization process in early pregnancy. [8] [9] [10] [11] Increased CacyBP/SIP level has also been found in rat cardiomyocytes during the heart development and in cultured cardiac myoblasts (H9C2 cells) subjected to differentiating conditions. 12 Further investigation on H9C2 cells has revealed that CacyBP/SIP promotes cardiomyocyte differentiation and accelerates formation of myotubes. 12 The recent literature has highlighted the relationship between CacyBP/SIP and b-catenin, a transcription factor regulating multiple physiological and pathological processes. 4 CacyBP/SIP was found to be a component of an ubiquitin ligase complex responsible for the degradation of b-catenin. Interestingly, it has been proven that b-catenin is of crucial importance for cardiovascular system functioning. In vitro studies have demonstrated that b-catenin limits the apoptosis of cardiomyocytes. 13 It has also been shown that b-catenin leads to the activation of inflammatory, hypertrophic, and fibrotic changes in the heart. 14, 15 By regulating the b-catenin level, CacyBP/SIP might significantly influence cardiovascular homeostasis. This aspect, however, needs to be clarified by future studies. To the best of our knowledge, there is only one report investigating the possible influence of CacyBP/SIP on cardiac cell viability. 12 It has been demonstrated that CacyBP/SIP reduced the cardiomyocytes injury in the conditions of hypoxia-reoxygenation stress. 12 Cellular physiology is strictly dependent on the balance between protein synthesis and degradation. Approximately 80-90% of proteins undergo non-lysosomal degradation with the participation of the ubiquitin-proteasome system (UPS). The UPS is responsible for the degradation of shortlived, damaged, non-functional or dispensable proteins in cells. Upon activation of the inflammatory response, constitutive proteasomes are structurally modified into immunoproteasomes, which produce antigenic peptides presented to immune cells. In the immunoproteasomes, the standard subunits b1, b2, and b5 are replaced by so-called immunosubunits b1i (LMP2), b2i (LMP10), b5i (LMP7), respectively. 16 There is overwhelming evidence proving participation of UPS in the development and progression of cardiovascular complications. [17] [18] [19] Experimental data have shown enhanced proteasomal activity and production of immunosubunits in the hearts of rodents with Ang II-induced cardiac hypertrophy, experimental hypertension, diabetes, myocardial ischemia, ischemia/reperfusion injury, viral myocarditis, and heart pressure overload. [17] [18] [19] It has also been demonstrated that the administration of proteasome inhibitors reduced cardiac injury and heart remodeling associated with hypertension, hyperglycemia, viral myocarditis, doxorubicin-induced cardiomyopathy. 16, 20 Since it has not been examined, whether the state of elevated blood pressure leads to changes in expression of CacyBP/SIP in the heart, and bearing in mind tight associations between CacyBP/SIP, proteasomal activity and b-catenin, we have decided to undertake the research aiming to evaluate the distribution of CacyBP/SIP, b-catenin, and immunoproteasome subunit LMP7 in the hearts of rats with hypertension of different etiology.
Material and methods

Experimental animals
The assumptions, the aim, and the plan of the study, as well as the approach to animals were approved by the local Ethics Committee for Studies on Animal Subjects in Olsztyn.
The study was performed on 24 (n ¼ 24) young male Wistar rats, 7 male spontaneously hypertensive rats (SHRs), and 5 normotensive male Wistar Kyoto (WKY) rats. The rats were six weeks of age, and their body weight at the beginning of the experiment was within 170-200 g. The animals were housed at constant humidity (60 AE 5%) and temperature (22 AE 1 C) and were kept under a 12/12-h light/dark cycle. The rats had free access to standard granulated chow and a normal drinking water.
The experimental animals were divided into six groups:
The male SHR, WKY, DOCA-salt hypertensive rats and reference group for rats with DOCA-salt hypertension were housed and purchased from the Department of Experimental Physiology and Pathophysiology, Medical University of Bialystok, Poland.
2K1C renovascular hypertension
Induction of experimental hypertension was performed according to the procedure by Goldblatt et al. 21 After the rats were anesthetized by exposure to pentobarbital (40 mg/kg, i.p.), a 3-cm retroperitoneal flank incision was
SHR
Seven rats with genetically determined systemic hypertension, inbred strain established from Wistar rats selected for high blood pressure.
Control 1
Five normotensive WKY rats, being the reference for SHR rats 2K1C Seven Wistar rats with renovascular hypertension induced by the ligation of the artery supplying the blood to the left kidney (two kidney, one clip model of hypertension)
Control 2
Five Wistar rats underwent sham operation (submitted to the same surgical procedure as the hypertensive rats, however, without arterial ligation), being the reference for 2K1C DOCA-salt Seven Wistar rats were uninephrectomized, and then rendered hypertensive by high-salt diet and deoxycorticosterone acetate (DOCA) injections Control 3
Five Wistar rats uninephrectomized only, being the reference for DOCA-salt hypertensive rats performed under the sterile conditions. The left kidney was exposed and the renal artery was carefully dissected free of the renal vein. The renal artery was then partially occluded by placing a silver clip with an internal diameter of 0.20 mm on the vessel. The wound was closed with a running 3-0 silk suture (n ¼ 10). Sham-operated rats (n ¼ 5) underwent identical surgical procedures, except that a clip was not applied to the renal artery. After the surgery, the rats were kept in single cages till wound healing.
DOCA-salt hypertension
Animals were anesthetized by intraperitoneal injection of pentobarbital sodium (300 lmol or $70 mg/kg of body weight (b.w.)). The right kidney was removed in all rats via a right lateral abdominal incision. After a one-week recovery period, hypertension was induced over a time period of four weeks by s.c. injections of DOCA (67 lmol or $25 mg/kg in 0.4 ml/kg of dimethylformamide; DMF) twice weekly and replacement of drinking water with 1% NaCl solution. Normotensive control rats were also uninephrectomized but received the vehicle for DOCA (DMF, 0.4 mL/kg, s.c.) twice weekly and drank tap water.
Blood pressure measurement by an indirect method in wakeful rats
After six-week period of the experiment, the systolic BP was measured in all animals by using a noninvasive tailcuff method (using a Rat Tail Blood Pressure Monitor, Hugo Sachs Elektronik-Harvard Apparatus, March-Hugstetten, Germany). BP measurements were considered valid only when three consecutive readings did not differ by more than 5 mmHg. The average of the three measured values was then recorded. The measurements of BP proved the systolic hypertension in SHR, 2K1C, and DOCA-salt rats (those animals had values of SBP equal to or higher than 150 mmHg).
Method of experimental material collection and fixation
At six week of experiment, the fragments of heart were collected under deep pentobarbital anesthesia (50 mg/kg of body weight) from all rats. The specimens were fixed in 4% buffered formalin for 48 h at 4 C and processed routinely for embedding in paraffin. Sections were cut at 4 mm in thickness and stained by hematoxylin-eosin (HþE) for general histological examination and processed by immunohistochemistry for CacyBP/SIP, b-catenin, LMP7 detection.
Identification of CacyBP/SIP, b-catenin, LMP7 by immunohistochemical methods
In the immunohistochemical study, the EnVision method was used according to Herman and Elfont. 22 Immunostaining was performed by the following protocol. Paraffin-embedded sections were deparaffined and hydrated in pure alcohols. For antigen retrieval, the sections were subjected to pre-treatment in a pressure chamber heated for 1 min at 125 C. During antigen retrieval, sections were incubated with Target Retrieval Solution Citrate pH ¼ 6.0 (S 2369 Dako; Glostrup, Denmark). After cooling down to room temperature, the sections were incubated with Peroxidase Blocking Reagent (S 2001 Dako; Glostrup, Denmark) for 10 min to block endogenous peroxidase activity. Subsequently, the sections were incubated with the primary antibody for CacyBP/SIP and b-catenin (purchased from Nencki Institute of Experimental Biology, produced in-house) and for LMP7 (Enzo Life Sciences BML-PW8845). The antisera were previously diluted in Antibody Diluent (S 0809 Dako Cytomation, Glostrup, Denmark) in relation 1:50 for CacyBP/SIP antibody and in relation 1:5000 for b-catenin antibody and anti-LMP7. Incubation with CacyBP/SIP, b-catenin, and LMP7 antibody lasted overnight and was carried out at 4 C in a humidified chamber. Procedure was followed by incubation with secondary antibody (conjugated to horseradish peroxidase-labeled polymer). The bound antibodies were visualized by 1 min incubation with liquid 3,3 0 -diaminobenzidine substrate chromogen. The sections were finally counterstained in hematoxylin QS (H -3404, Vector Laboratories; Burlingame, CA), mounted and evaluated under light microscope. Appropriate washing with Wash Buffer (S 3006 Dako Cytomation; Glostrup, Denmark) was performed between each step. Specificity tests, performed for the CacyBP/SIP, b-catenin, and LMP7 antibody included: negative control, where the primary antibodies were omitted, only antibody diluent was used, and a positive control was prepared with specific tissue as it was recommended by the manufacturer. Histological preparations were subjected to a visual analysis using an Olympus BX41 light microscope with Olympus DP12 digital camera and a PC computer and documented.
Quantitative analysis
The results of immunohistochemical staining were submitted for the evaluation in an Olympus BX41 microscope with Olympus DP12 camera. From each animal, 11 sections of heart were studied (two sections for HþE staining, and three sections for each: CacyBP/SIP, b-catenin and LMP7 immunostaining). From all sections of heart, five randomly selected microscopic fields (each field of 0.785 mm 2 , magnification of 200Â (20Â the lens and 10Â the eyepiece)) were documented. Subsequently, images were submitted to morphometric evaluation by using NIS-Elements Advanced Research software of Nikon. In each analyzed images of the heart was measured the intensity of immunohistochemical reaction, using a 0 to 256 grey scale level, where the completely white or bright pixels were scored 0 and completely black pixels were scored 256. Similarly, in each analyzed image of the heart, the width of 25 randomly selected cardiomyocytes was measured and presented as mean values.
All presented data were statistically analyzed by means of software computer package Statistica Version 12.0. The corresponding mean values were computed automatically; significant differences were determined by one-way ANOVA test; P < 0.05 was taken as the level of significance.
Results
Systolic hypertension was demonstrated in SHR, 2K1C, and DOCA-salt rats. The mean values of BP for the each studied group are presented in Table 1 .
The H&E staining demonstrated the histopathologic changes in the heart of hypertensive rats such as hypertrophy of cardiomyocytes, and influx in the number of immune cells when compared to normotensive animals ( Figure 1(a) to (d) ). Wherein, the greatest abundance of inflow cells has been stated in the heart of SHR rats (Figure 1(b) ). The following morphometric analysis confirmed an increase in the width of cardiomyocytes in all rat models of hypertension in relation to control rats. The most severe cardiac cell hypertrophy was observed in SHR rats, while in DOCA-salt hypertensive rats, the cardiomyocytes overgrowth was the mildest (Table 2) .
Positive immunohistochemical reaction for CacyBP/SIP, b-catenin, and LMP7 has been noted in the hearts of all studied rats, except for negative LMP7 immunolabeling in the heart of normotensive animals. The density and intensity of CacyBP/SIP-, b-catenin-and LMP7-immunostaining varied between the experimental and control groups. Table 2 . Width of cardiomyocytes (mm) and intensity of immunoreaction against CacyBP/SIP, b-catenin, and LMP7 in the heart of rats subjected to different models of hypertension (mean AE SE). CacyBP/SIP-immunoreactivity occurred in the form of small brown-stained granules diffusely distributed in the cytoplasm of cardiomyocytes (Figure 2(a) to (d) ). Immunodetection of CacyBP/SIP in the heart of normotensive rats gave weak reaction in cardiac muscle cells (Figure 2  (a) ). Considerable greater intensity of the CacyBP/SIPimmunosignal was found in the heart of all hypertensive groups compared to control rats (Figure 2(b) to (d) ). In the heart of 2K1C, the CacyBP/SIP immunoreactivity was increased in the slightest extent, whereas in DOCA-salt hypertensive rats, the result of reaction with anti-CacyBP/ SIP antibody was the strongest in comparison to other studied experimental and control groups (Figure 2(d) ).
Group of rats
The immunohistochemical studies have revealed that b-catenin is redispositionally located in intercalated discs (ICDs) (Figure 3(a) to (d) ). In the heart of control rats was noted strong b-catenin immunoreactivity in ICDs (Figure 3  (a) ). The b-catenin immunosignal was markedly lessen in the hearts of SHR, 2K1C, and DOCA-salt hypertensive rats than in normotensive animals (Figure 3(b) to (d) ). Relatively, the smallest decrease in b-catenin immunoreactivity was seen in the SHR rats (Figure 3(b) ), in turn, the intensity of b-catenin immunostaining was the lowest in 2K1C rats when compared to other studied hypertensive groups and normotensive animals ( Figure 3(c) ).
The antisera against LMP-7 did not reveal the presence of immunosubunit in the heart of normotensive animals (Figure 4(a) ), while the noticeable LMP-7 immunoreactivity was found in the heart of the studied experimental groups (Figure 4(b) to (d) ). It is worth highlighting that in the heart of SHR rats, the intensity of LMP-7 immunoreaction was the strongest in relation to the remaining hypertensive groups (Figure 4(b) ).
The visually perceived differences in the intensity of the immunohistochemical reaction against CacyBP/SIP, b-catenin, and LMP7 in the hearts of control and hypertensive rats have been confirmed by the computer image analysis ( Table 2) .
Discussion
Currently, we have been evaluating and comparing the distribution of CacyBP/SIP, b-catenin, and LMP7 subunit in the heart of rats with spontaneous, renovascular, and DOCA-salt hypertension. Our research has revealed that the biosynthesis of CacyBP/SIP, b-catenin, and LMP7 in the rat heart is altered in the state of elevated blood pressure. However, the intensity of changes in CacyBP/SIP, b-catenin, and LMP7 content in the heart was dependent on disease etiology.
In the present study, we have demonstrated the increased intensity of immunoreaction determining CacyBP/SIP in the hearts of hypertensive rats compared to normotensive animals, with the strongest CacyBP/SIPimmunostaining in rats with DOCA-salt hypertension.
CacyBP/SIP is the multi-domain protein, having the ability to interact with various intracellular targets. 4 The latest reports have revealed that CacyBP/SIP binds to cytoskeletal proteins such as tubulin, tropomyosin, actin, intensifies the polymerization of microtubules and microfilaments, as well as stabilizes the cytoskeletal organization. 4, 5 Moreover, it has been stated that CacyBP/SIP restricts the interaction between actin and myosin and inhibits the activity of actin-activated myosin ATPase. 4 Based upon our data, increased CacyBP/SIP content in the heart of hypertensive rats might be potentially responsible for worsening the cardiomyocytes contractility in the state of elevated blood pressure. However, the current state of knowledge about the importance of CacyBP/SIP in the cardiovascular system is still far from sufficient. In available literature, there is only one report investigating the possible influence of CacyBP/SIP on cardiac cell differentiation and viability. 12 The literature data indicated the greatest impairment of heart systolic and diastolic function in DOCA-salt hypertensive rats when compared to other experimental models of hypertension. 23 We reported herein the most substantial elevation of CacyBP/SIP level in rats with DOCA-salt hypertension compared to SHR and 2K1C hypertensive rats. Considering inhibitory influence of CacyBP/SIP on actin-myosin interplay, this finding might constitute a possible explanation of most severe cardiac dysfunction in this hypertension model. Current paper has confirmed that b-catenin is predominantly located in the intercalated discs of cardiomyocytes. Our report has also showed decreased b-catenin immunoreactivity in the hearts of all studied hypertensive groups in comparison to control animals. Presented results are consistent with the report by Zheng et al., 24 who demonstrated the lowered b-catenin immunosignal within the intercalated discs in the hearts of SHRs. Wang and Gerdes 25 and Yoshida et al. 26 found similar decline of b-catenin level in the cardiac tissue of guinea pigs and hamsters with heart failure.
There are two known pathways for proteasomal degradation of b-catenin. The first, classical pathway is mediated by ligase complex SCF bTrCP and results in degradation of phosphorylated b-catenin, whereas in the second, recently discovered pathway, the CacyBP/SIP protein participates. CacyBP/SIP forms a complex with Siah-1 and Skp1 ligases, called SCF
TBL1
, and leads to the degradation of nonphosphorylated b-catenin. 4 Given the elevated CacyBP/ SIP content in cardiac tissue of SHR, 2K1C, and DOCAsalt hypertensive rats, demonstrated in presented report, it might be expected that the reduction of b-catenin content in heart in the state of elevated blood pressure might be associated with CacyBP/SIP-determined protein degradation.
The overwhelming body of evidence points to the involvement of b-catenin in the cardiomyocyte hypertrophy. Haq et al. 14 demonstrated that the modification of b-catenin gene resulting in blocked degradation and accumulation of b-catenin provokes the enlargement of cultured neonatal rat ventricular myocytes (NRVMs).
14 In accordance, Zhang et al. 27 indicated that the inactivation of b-catenin gene attenuated the overgrowth of NRVMs evoked by the treatment with hypertrophic stimuli. Further in vivo studies showed that mice subjected to genetically b-catenin stabilization developed heart hypertrophy compared to not modified animals.
14 In longer lasting experiment, Hirschy et al. 28 evidenced that the inactivation of b-catenin gene leaded to adaptive heart hypertrophy, which was well tolerated by mice. In turn, b-catenin stabilization led to dilated cardiomyopathy and mice death by five months of age. 28 Other report by Zelarayán et al. 29 showed that the genetic b-catenin depletion significantly improved the survival and left ventricular function in mice undergoing myocardial infarction, while genetic b-catenin stabilization had opposite effects. In this manner, as observed in this study, decreased b-catenin amount in the heart of rats with hypertension might be interpreted as adaptive mechanism aimed to minimizing hypertension-evoked cardiac complication.
Our research has revealed the upregulation of LMP7 subunit in the heart of SHR-, 2K1C-, DOCA-salt hypertensive rats, with the strongest increase in LMP7 subunit level in rats with spontaneous hypertension. Those findings are in agreement with the results by Li et al. 17 and Yan et al.
18
who demonstrated the overexpression of immunoproteasome subunits in cardiac tissue of mice with DOCA-salt hypertension and mice with Ang II-induced heart hypertrophy. It is well-described that the hypertension is associated with the stimulation of inflammatory processes. 30 In hypertension state, the level of proinflammatory cytokines as Creactive protein (CRP), interleukines (IL-1 and IL-6), tumor necrosis factor a (TNF-a) is significantly elevated. 30 Various experimental data indicate the infiltration of immune cells (macrophages and lymphocytes) in kidney, vasculature, and heart of hypertensive rodents. 30 In performed routine, histological examination of heart specimens from rats with SHR, 2K1C, and DOCA-salt hypertension, we have noted the greatest infux of immune cells in SHRs compared to other hypertension models. On this basis, it might be supposed that the SHR model of hypertension proceeds with more severe immune response than 2K1C and DOCA-salt hypertension models. As activation of inflammatory processes leads to structural modification of proteasomes into immunoproteasomes our data showing the highest LMP7-immunoreactivity in hearts of SHR rats may be linked to the observed infiltration of inflammatory cells. The UPS system might play a crucial role in hypertension-evoked cardiac remodelling. 16 During cardiac remodeling, existing sarcomeric proteins are degraded by proteasomes, for building up new ones in heart muscle cell. 16 The biochemical studies revealed that the immunoproteasomes have greater chymotrypsin-like catalytic activity than the constitutively expressed proteasomes, due to LMP7-induced structural change. 31 Therefore, noted in the current report upregulation of LMP7 immunosubunits in the heart of hypertensive rats might be related to increased process of reconstruction of contractile fibers in cardiomyocytes.
Conducted morphometric analysis demonstrated the hypertrophy of cardiomyocytes in all hypertensive rats studied. The most substantial increase in cardiomyocytes width was noted in SHR rats, whereas the cardiac cells overgrowth was the mildest in DOCA-salt hypertensive rats.
The overactivity of renin-angiotensin (RA) system and enhanced generation of Ang II is considered a principle mechanism participating in the development of heart hypertrophy. 32 The Ang II acting through angiotensin II receptor type 1 (AT 1 receptor) leads to changes in the cardiac cell phenotype characterized by the enhanced expression of fetal-type genes, such as skeletal a-actin (skACT) and ß-myosin heavy chain (ß-MHC). 32 Experimental models of hypertension, which was used in presented research, differ in terms of status of the RA system The spontaneous and renovascular hypertension is characterized by the enhanced activity of RA system, while in the DOCA-salt hypertensive rats, the activity of RA system is significantly decreased. 33 Perhaps, reported in the current study, the mildest enlargement of cardiac muscle cells in DOCA-salt hypertensive rats, compared to other model of hypertension, might result from the lack of Ang II-evoked hypertrophic stimulation on cardiomyocytes.
This report might contribute to a deeper understanding of the role of the CacyBP/SIP protein, b-catenin, and immunoproteasomes in the heart function as it provides new insights concerning the pathophysiologic mechanisms leading to cardiac dysfunction in the state of elevated blood pressure.
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